We report the discovery of eight new multiple star systems among 191 stellar systems targeted for parallax determinations in the RECONS (Research Consortium on Nearby Stars) southern parallax program, CTIOPI (Cerro Tololo Inter-American Observatory Parallax Investigation). The eight new companions have separations of 1>42 to 14>90 and instrumental magnitude differences at VRI of 0.06-6.07 mag. Orbital motion has not been detected in any of these systems. These new companions increase the multiplicity fraction of this sample, made up primarily of nearby (less than 25 pc) M dwarfs, to 15%. Comparison with samples that have been more completely scrutinized for companions indicates that probably only half of all multiples have so far been discovered. Given the large number of frames acquired for the astrometric series, the eight new systems and 16 known multiples have been searched for variability at VRI during the 3 year duration of CTIOPI. A flare has been detected in the secondary of the RX J1132À264 system, while at least one component in the GJ 2006 system is a probable long-term variable. Variables were detected in only 9% of the systems searched, primarily as a result of the restrictive 0.05 mag threshold required for variability confirmation.
INTRODUCTION
The solar vicinity provides astronomers with the foundation of stellar astronomy and our understanding of the population of the Galaxy and holds a special attraction for the general public. A wide range of astrophysical problems are addressed by studying the nearby star population, including star formation, evolution, mass transfer, the stellar luminosity function, Galactic dynamics, and searches for planetary systems. All of these problems rely, at least in part, on an accurate census of single versus multiple stars. A recent nearby-star census indicates that $35% of stellar systems are missing within 10 pc of the Sun , and a similar (although not as well defined) problem exists for the census of companions. Undoubtedly, many missing companions have not yet been revealed.
The RECONS (Research Consortium on Nearby Stars) team is currently carrying out a southern parallax survey known as CTIOPI (Cerro Tololo Inter-American Observatory Parallax Investigation). The purpose of CTIOPI is to discover nearby red, brown, and white dwarfs that are unidentified in the solar neighborhood. The goal is to discover 150 new southern star systems by determining trigonometric parallaxes accurate to 3 mas. This is a primary research effort of the NStars (Nearby Stars) project, a joint NASA/NSF effort to discover and characterize all stellar systems within 25 pc. Here we report on a comprehensive search for new companions to 209 stars in 191 systems targeted at the 0.9 m telescope.
Investigations of stellar multiplicity in the solar neighborhood have been carried out using a wide range of survey techniques, including searches for astrometric perturbations from parallax frames (van de Kamp 1986) , radial velocity studies (Abt & Levy 1976; Marcy & Benitz 1989; Duquennoy & Mayor 1991; Delfosse et al. 1999) , infrared speckle imaging (Henry & McCarthy 1990; Henry 1991; Leinert et al. 1997 ), optical imaging (van Biesbroeck 1961 , deep infrared imaging (Skrutskie, Forrest, & Shure 1989; Simons et al. 1996; McCarthy, Zuckermann, & Becklin 2001; Hinz et al. 2002) , and by the careful compilations of wide multiples (Poveda et al. 1994) . This paper reports an additional effort to identify companions at modest separations, 2 00 -20 00 , using frames taken during a southern sky astrometric program that targets a large sample of known and probable nearby stars.
SAMPLE AND OBSERVATIONS
Most of the 209 target stars were selected for CTIOPI because available astrometric (e.g., high proper motion), photometric, or spectroscopic data indicated that they might be closer than 25 pc. Other than eight calibration stars and 22 stars that are being observed to improve poor parallaxes ( > 10 mas now), very few of the targets have any trigonometric parallax measurements. Roughly 95% of the stars are red dwarfs, with the remainder being a mixture of white dwarfs and a small fraction of stars that are probably distant giants. The targets and their coordinates are listed in Table 1. CTIOPI uses the 0.9 m and 1.5 m CTIO telescopes in a long-term observing program as part of the NOAO Surveys initiative. Observations used to discover and characterize the new multiple systems reported here occurred during the 3 yr period from 1999 August through 2002 July. The current work includes stars observed at the 0.9 m, which is equipped with a 2048 Â 2048 Tektronix CCD camera with 0>401 pixel À1 plate scale (see next section). All observations were made using the central quarter of the chip, yielding a 6<8 square field of view, through V J , R C , and I C filters.
Bias frames and dome flats were taken at the beginning of each night. Observations were usually taken when a target star was within 30 minutes of transit, in order to minimize corrections required for differential refraction. The current study benefits from this observing protocol because no corrections need to be applied to compensate for the varying centroid shifts for stars of different colors. At each epoch, a sequential set of 5-10 astrometric frames with exposures of 30-1200 s is typically taken. The filter for astrometry frames (listed in Table 1 ) is chosen based on the best combination of science and reference star counts and was applied throughout the observing program. Suitable reference stars were selected to have a signal-to-noise ratio S/N > 100, which allows for accurate centroiding, and so they were well distributed around the target star. Photometry frames in the other two filters are often taken after the astrometric frames.
DATA REDUCTION AND ANALYSIS: ASTROMETRY
The raw data were reduced by using the standard Image Reduction and Analysis Facility (IRAF) tasks ZER-OCOMBINE, FLATCOMBINE, and CCDPROC. The preliminary centroids of science and reference stars are tagged using the IRAF RIMCURSOR task and then imported to SExtractor (Bertin & Arnouts 1996) , which is used to determine the peak counts, total fluxes, and centroids for targets and selected reference stars. Five to 15 reference stars are typically chosen for each target field in order to determine accurate astrometric quantities. In the present study, the four relevant quantities are the separation between components, position angle of the separation, proper motion, and position angle of the proper motion.
Plate Scale
CTIOPI astrometry frames were used first to determine an accurate plate scale for the Tek 2K CCD imager No. 3 on the CTIO 0.9 m. Eleven parallax fields were selected that had three or four pairs of stars with separations greater than half the size of the used portion of the CCD (the central quarter). Each of the six or eight stars per field was required to have S/N > 1000 and to have no nearby sources, to ensure that accurate centroids could be obtained. In order to minimize the effect of differential refraction, all of the selected frames were taken within 4 0 of the meridian in right ascension, as well as within 5 of the zenith in declination. A total of 40 star pairs were used to determine the plate scale. Coordinates with right ascension accurate to thousandths of a second of time and declination to hundredths of an arcsecond were extracted from the Guide Star Catalog 2 using SkyCat (Albrecht et al. 1997) . For each star pair, the differences in right ascension and declination were determined in radians, and the vector separation was calculated along a great-circle line via standard trigonometric functions. The resultant radian values were then converted to separations in arcseconds and compared with the separations in pixels determined using SExtractor on the CCD frames. The final plate scale determined was 0>4012 AE 0>0003 pixel À1 . This is slightly, yet significantly, different from the accepted value for the camera on the CTIO 0.9 m, 0>396 pixel À1 .
Companion Search
A comprehensive search for companions to 209 stars in 191 stellar systems was carried out using the CTIOPI astrometry images. Images were examined for objects located within a 20 00 radius of each target star using the contour capability in the IRAF package IMEXAMINE. Typically, 1-10 sources were discovered per target. Most potential companions were quickly refuted by comparing first-and second-epoch Digitized Sky Survey (DSS) images and discovering proper motions inconsistent with the target stars. After culling the unrelated sources, eight potential new companions remained (listed in order of right ascension): GJ 2022C, LHS 193B, LHS 1749B, LHS 225B, LHS 300B, RX J1132À264B, GJ 1226B, and LTT 7419B. Finder charts from CTIOPI frames for these systems are shown in Figure 1 .
In order to characterize the search sensitivity, each frame was evaluated for image quality. Figure 2 shows a histogram of the full-width at half-maximum values (FWHM; see Table 1 ) for the objects investigated, separated by the filters used for the observations. Most of the stars (90%) were examined using V or R images. The FWHM values were determined using a radial profile Moffat fit in IRAF's IMEXAMINE. When possible, frames were chosen that had FWHM better than 1>20 (3 pixels). For a modest fraction of the stars (12%), images with somewhat poorer FWHM were used because sharper images were not available. The mean FWHM value for the 209 targets searched is 1>09.
The CTIOPI program has resulted in at least a factor of 5 improvement in resolution over DSS, thereby enabling the detection of closer and fainter companions. The DSS image plate scales are 1>7 pixel À1 for the first generation and 1>0 pixel À1 for the second generation, determined by using information in the FITS headers delivered from DSS. Examination of $100 stellar sources in 20 second-generation DSS fields with CTIOPI targets reveals an average FWHM value of 5>64 for stars that were not saturated. For targets that were saturated, which includes most of the stars Coordinates from R-D. Scholz (1999, private communication). in CTIOPI, the average FWHM for the brightest nonsaturated objects in the field is 6>65-this is a '' best case '' estimate for saturated stars, for which the resolution limit is typically much worse. The detection limit of the CTIOPI frames is compared with that of DSS in Figure 3 . Four CTIOPI objects were used as benchmarks for this illustration-two each with FWHM values matching the best (0>85 00 ; filled triangles and circles) and worst (1>20; open triangles and circles) seeing cases for the bulk of the sample, as shown in Figure 2 . For these four targets, objects of varying magnitude differences were selected from the same frames searched for companions and artificially placed at increasing separations from the target stars in increments of 0>40 (1 pixel). The points in Figure 3 represent the closest separation at which the simulated companion could be detected using the methodology described above. The same procedure was carried out on a DSS image ( filled squares) for an unsaturated program star. Clearly, five of the eight new companion candidates (large starred points) were undetectable in DSS images but are clearly resolved in CTIOPI images. However, LHS 193B, LTT 7419B, and RX J1132À264B are at large separations from their primary stars and can be seen in DSS images. They were simply unnoticed before. 
Astrometric Confirmation of New Multiple Systems
Two methods were used to confirm or refute the eight potential companions, as well as to check the validity of 17 previously cataloged companions. First, the relative positions of the target stars and their potential companions were mapped using the series of astrometric frames in hand. This technique was used to check for constant relative positions and slow orbital motion. Second, full astrometric analyses were carried out to determine if multiple components had common proper motion. Series of astrometric frames were analyzed with SExtractor and a modified version of the University of Virginia parallax reduction pipeline (to be discussed in a future paper) to determine precise relative separations and position angles and, ultimately, proper-motion vectors.
To map the relative position of a potential companion over time, first a reference trail frame is selected from the parallax series. All other frames must be adjusted to match the trail frame in scale, rotation, and translation. The trail frame is chosen to have (1) correct orientation to the sky (i.e., north-south and east-west directions properly aligned on the CCD chip), (2) sufficient S/N in the target star and all reference stars to permit reliable centroids, and (3) a very short right ascension zenith distance (within 10 0 of the meridian) to reduce differential refraction effects.
A six-constant plate model is then applied to each frame to provide sets of modified coordinates for the target star(s) and any potential companions, using the methodology outlined by Eichhorn & Jefferys (1971) and Jefferys (1979) and described by the following equations:
where X and Y are the coordinates for science and reference stars on the CCD chip that are extracted from SExtractor. X 0 and Y 0 are the coordinates on the reference trail frame. The plate constants a, b, c, d, e, and f model the coordinate scales in X and Y, rotation, and translation. An iterative least-squares technique is carried out to reduce the differences between the trail plate and the plate examined, resulting in minimized values of and .
The separation and position angle are then computed for each frame at multiple epochs for a target-companion pair and plotted as in Figure 4 for LHS 225 AB. The solid lines indicate the best fit for the separation and position angle for LHS 225 AB at six epochs. If component B were a stationary field star that held its location at the first epoch of observation, its separation and position angle relative to the primary would change, as indicated by the dot-dashed lines. Clearly, LHS 225B maintains a constant separation and position angle throughout the 1.2 yr baseline of our observations. All eight potential companions have been confirmed using this method, as well as 16 previously known companions. Orbital motion would be detected if the best-fit line varied from a constant value (either a tilted or a curved line, depending on orbital velocity). However, no orbital motion was detected for any of the new close companions, even for GJ 1226 AB, which has the smallest separation (1>42). Figure 5 illustrates the relative positions for the five new multiple systems with separations less than 5 00 . Note that at smaller separations the centroid positions are more scattered, which results in relatively large errors in the four astrometric quantities derived. The results of these fits for mean separation and position angle are given in Table 2 (cols.
[2] and [3]), and the timescale over which the frames were taken is given the last column.
For each system, a second verification of true companionship was carried out by determining the proper-motion vectors for the primaries and all companions. The model used is from van de Kamp (1967) ,
where X 0 and Y 0 are the modified coordinates in right ascension and declination, P x and P y are the parallax factors, x and y are relative trigonometric parallaxes, l x and l y are relative proper motions, and t is the fractional year for each frame. The variables c x and c y are constant. Subscripts x and y are for quantities in right ascension and declination, respectively. Parallax factors P x and P y for each frame are calculated from the Naval Observatory Vector Astrometry Subroutines, SOLSYS. 3 As before, a least-squares method is applied to produce the relative proper motions by minimizing the values of and .
Each of the eight new candidate companions has proper motions that are consistent in both magnitude and direction with their primaries, confirming that all companion candidates are true companions. Results of the astrometric solutions for proper motion and position angle are shown in Table 2 HIP 82724 and HIP 82725 have the largest statistically different proper motions (4.0 ) of the systems observed, implying that they are not physically associated. The high errors in the proper-motion position angles are the result of very small proper motions, which makes the direction of the motion difficult to determine. Based on our own spectroscopic observations taken at the CTIO 4 m telescope in 2002 April, we confirm that the two stars are not a physical pair-HIP 82725 is a giant, and HIP 82724 is a dwarf, yet they have similar magnitudes, with V = 11.72 and V = 11.85, respectively.
DATA REDUCTION AND ANALYSIS: DIFFERENTIAL PHOTOMETRY
Differential photometry between the primary stars and the 23 true companions was measured using all available frames at V J , R C , and I C filters. In addition to evaluating the colors of the components, the rich data sets available provide an opportunity to search for both long-term (a few years) and short-term (a few minutes) variability. Typically, a system is observed only once per observing run for astrometry, so the current data sets do not provide insight into variability on timescales of a few nights.
SExtractor was used to determine the fluxes for all resolvable components in each system. For components with separations less than 10 00 , a 1 00 radius aperture was used to prevent the Moffat profile wings from overlapping, which 00 . The star symbol marks the position of each system's primary. Note that with increasing separation, the centroid is more concentrated, indicating that centroiding accuracy increases at larger separations. The three widely separated new binary systems, LHS 193 AB, RX J1132À262 AB, and LTT 7419 AB, are not shown in this figure. North is up, and east is to the left.
3 Available at http://aa.usno.navy.mil/software/.
would corrupt the relative counts and derived magnitude differences. A 5 00 radius aperture was used for systems with separations greater than 10 00 , except in the case of LTT 7419, for which a 1 00 aperture was used because of a faint background star near to component B.
Brightness ratios for each filter were derived using simple ratios of the total counts included in the apertures, i.e., point-spread function fits were not done. Instrumental magnitude differences were determined using the usual conversion of brightness ratio to magnitude difference, and the results are listed in Table 3 (col. [6] ). Because standard stars on the Johnson and Cousins systems were not (yet) observed, the magnitude differences listed are slightly different from what will be available when full photometric calibrations have been done. Of the 23 companions examined, six have a magnitude difference greater than 2.5 in the primary filter, making these companions more than 10 times fainter than their primaries. LTT 7419 AB has the largest magnitude difference observed, DV = 6.06. The disparity between the number of frames and nights per filter for a given system (cols.
[4] and [5] of Table 3 ) arises because the bulk of frames taken are in a single filter for the astrometry program, while the other two filters are acquired only for relative or absolute photometry. The errors on the magnitude differences were derived by taking the standard deviation of the nightly means, e.g., using six values for G266-089 AB, not 30 values, corresponding to the number of frames. A closer look at these errors provides a hint of the long-term variability in each system. The timescale over which long-term variability might be detected ranges from $1.0 to 2.5 yr, as listed in final column of Table 2 . One exception to these timescales is the new close binary, GJ 1226 AB, for which fewer frames were available for astrometry than for variability. In many images the components were blended, making accurate centroid measurements impossible. However, flux ratios were obtainable from many of these blended frames, yielding a variability baseline of 2000. 57-2002.46 . Shown in Figure 6 are the magnitude difference errors in the primary filters plotted as a function of separation for the 23 companions (BD À21 1074 ABC is not plotted, because no reliable error can be deduced from only two nights of data). Companions more than 2.5 mag fainter than their primaries are shown as circled points. Only four companions have Dm > 0.05, which is selected as a rather conservative variability threshold. Of these, LHS 1749 AB has a small separation (2>86) and a large DV = 2.98, which conspire to cause a large measurement error unrelated to variability. LHS 300 AB also has a relatively small separation (4>28) and large DR = 4.95, again resulting in a large measurement error. RX J1132À264 AB is a wide binary (13>18), and the series of DV = 2.98, 3.00, 2.55, 2.99, 3.10, and 3.12 values are relatively consistent except for the third epoch (discussed below), hinting at some sort of variability. Finally, there is compelling evidence for long-term variability in GJ 2006 AB, which is widely separated (17>87) and has a small DV = 0.27, with measurements at four epochs of DV = 0.21, 0.17, 0.39, and 0.29. Comparison of both components to a field star indicates that both A and B may be variable. The errors for the remaining systems indicate that the typical measurement accuracy for magnitude differences during CTIOPI is a few hundredths of a magnitude.
A search for short-term variability, indicated by the error in a single night's measurements, is possible because several frames are usually taken on a system each night. The range of nightly errors for each system is given in the last column of Table 3 . Examining the rich data sets taken in the primary parallax filters reveals five companions that have at least one night on which the error is greater than 0.05 mag. As before, in most cases (LHS 193 AB, LHS 1749 AB, LHS 300 AB, and GJ 1226 AB), the large errors can be attributed to small separations and/or large Dm. RX J1132À264 AB is the standout. The B component shows a flare event on 2000 April 18 that leads to a large error on that night, which is the single night with a very different DV value mentioned above. The series of four sequential frames yields DV = 2.31, 2.60, 2.63, and 2.65, revealing a significant spike in component B's luminosity at the beginning of the series, which is likely a flare caught near its peak.
NOTES ON INDIVIDUAL SYSTEMS
The following stars (listed in alphabetical order) are worthy of special note.
GJ 2005 ABC is noticeably elongated. Although they are not resolved, the faint B and C components are blended into a single bump to the north of the primary.
GJ 2006 AB contains at least one long-term variable star. The large error in the proper motion position angle is caused by the small total proper motion in only 1.26 yr. Furthermore, there are only five faint reference stars, resulting in a weak astrometric field and the consequent high errors in proper-motion position angle.
GJ 2022 ABC has a new third component 2>01 from A with DR = 1.2. Among 38 images, there are only 13 images in which A and C are resolved. Of these, 11 images were taken between 1999.6 and 1999.9, and only two images were taken on 2000.8. Therefore, the spotty coverage in the series yields a relatively poor astrometric solution. More images are expected in the future to improve the results.
LHS 300 AB is a new binary with very different components (DR = 4.9) separated by 4>28 in a system of high proper motion, 1>2 yr. The secondary is a white dwarf, as is indicated by its color relative to A and supported by spectroscopic data acquired in 2002 April.
LTT 7419 AB has a new companion with the largest magnitude difference (DV = 6.1) and separation (14>90) found among the new multiples. The colors of the companion indicate that it is a white dwarf.
RX J1132À264 AB includes a new companion that was caught flaring in one sequence of frames. This system is a known X-ray source (Fleming 1998 ), but this is the first identification of the flaring companion. 
STELLAR MULTIPLICITY AND VARIABILITY RATES
Research on stellar multiplicity indicates that the multiplicity fraction is dependent on spectral type. Mason et al. (1998) found that more than 59% of O-type stars in clusters and associations have a visual, speckle, or spectroscopic companion. Duquennoy & Mayor (1991) found that 65% of solar-type primaries have companions with masses greater than 0.01 M . The multiplicity fraction drops to 34%-42% for the M dwarfs, as found by Henry & McCarthy (1990) and Fischer & Marcy (1992) .
Most of the primary stars in the 191 systems examined in this study are M dwarfs. The census for this sample now includes 21 doubles and seven triples, bringing the multiplicity fraction to 15%. Given that most of these stars are potential, but not known, nearby M dwarfs in the southern sky, few have been observed in any significant way until CTIOPI, so the multiplicity fraction is certainly greater than observed to date. Many would undoubtedly be revealed to be multiples in future high-resolution imaging or radial velocity surveys. With modern techniques such as highresolution interferometry, like the CHARA Array, we expect not only to discover more multiple systems, but to map their orbits accurately enough to determine precise masses. In addition, we expect to find several as yet unidentified companions by carefully determining the residuals from our trigonometric parallax reductions, in a similar fashion to the significant work of van de Kamp (1986) .
Of the 23 companions observed for variability, one was determined to be a long-term variable and one was observed to flare. This 9% hit rate for red dwarf variability is much lower than the long-term study of 43 (generally single) M dwarfs observed by Weis (1994) , who found a variability fraction of 49% using absolute photometry, rather than relative photometry. However, the present work has a much shorter time baseline (1.0-2.5 yr compared with Weis's 11 yr survey) and has a more restrictive criterion for variability (0.05 mag compared with $0.01 for Weis). Presumably, with further observations many of the companions in this study would be found to be variable at a lower level than the threshold adopted.
FUTURE
Given our success in finding the new companions reported here and the discovery of many new nearby stars indicated by our preliminary parallax results (to be published in future papers), we are poised to continue filling in the nearby-star census via CTIOPI. In addition to providing a more complete picture of the Sun's neighbors, CTIOPI results will also provide targets for upcoming space missions such as SIM (the Space Interferometry Mission) and TPF (Terrestrial Planet Finder), which can observe many of these nearby stars to determine precise stellar masses in the binaries, look for perturbations caused by planets in the binaries, and search the single stars for planetary systems.
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